tence of a hybrid zone at the sampling locality is thought to be rather improbable, the WART may indicate ongoing karyotype evolution in this taxon.
examples are the chromosomal races of the common shrew in Scandinavia, which evolved through a series of WARTs with one exchange each between adjacent races [e.g. Halkka et al., 1987; Fredga, 1996] . In the order Rodentia, the potential of WARTs to rapidly create new chromosomal variants has been discussed for Mus m . domesticus [Hauffe and Pialek, 1997; Britton-Davidian et al., 2005] and the species complex of M. minutoides [Veyrunes et al., 2010] .
In contact zones of chromosomal races, hybrids are detected due to the heterozygous condition for the metacentric chromosomes involved in the WART, i.e. they are heterozygotes with monobrachial homology [Narain and Fredga, 1996] . These hybrids represent events which occurred through a secondary contact and after the fixation of a WART in one of the populations involved. However, prior to fixation of a recently emerged WART in a population, specimens with monobrachial homology should also be observed. Such direct observation of a WART, i.e. the detection of a newly formed, recently evolved Robertsonian fusion chromosome, was only rarely reported. There are few examples in hybrid zones of chromosomal races in the house mouse [Capanna and Redi, 1995; Castiglia and Capanna, 1999; Catalan et al., 2000] as well as in the common shrew [Pavlova et al., 2008; Fedyk and Chetnicki, 2009] . Further, in 2 (related) specimens of M. minutoides and in a single individual of Tupaia glis , the spontaneous occurrence of a WART has been observed [Hirai et al., 2002; Veyrunes et al., 2007] .
The evolutionary emergence of a WART would be initiated by a single specimen possessing 4 chromosomes with monobrachial homology, with the derived combination of chromosomal arms present in the heterozygous state. When the process of fixation is nearly completed, the population should mainly be composed of homozygotes for the new arm combination and only few specimens should retain the heterozygous condition. This stage is probably found in the agile gibbon Hylobates agilis in Sumatra [Hirai et al., 2005] and Thailand [Tanomtong et al., 2010] . Here, the ancestral arm combination, which is present in the closely related species H. albibarbis and H. muelleri , was found in the heterozygous, but never in a homozygous condition. In sum, WARTs have been proposed for taxa characterized by rapid chromosomal evolution which is evident by the presence of chromosomal races (Mus, Sorex) or a high number of rearrangements between closely related taxa (e.g. Hylobates ).
The rate of chromosomal evolution in bats (i.e. the mammalian order Chiroptera) is generally thought to be slow [Baker and Bickham, 1980] . But among the 18 bat families with more than 1,100 species [Simmons, 2005] , taxa with a rapid chromosomal evolution have also been found, especially in the family Phyllostomidae [Baker and Bickham, 1980] . The predominant mode of rearrangement in chiropteran karyotype evolution is Robertsonian translocation [Volleth and Eick, 2012] . This has also been proven to be true in the family Rhinolophidae [Mao et al., , 2008 . As the number of common arm combinations in the Robertsonian fusion products revealed to be rather low, Mao et al. [2007 Mao et al. [ , 2008 suggested that due to the prevalence of monobrachial homologies between taxa, WARTs have probably played an important role in the chromosomal evolution of this family.
The present study deals with the first karyotype description of the lesser woolly horseshoe bat, Rhinolophus sedulus (RSE), which is restricted to western Malaysia and Borneo without any described subspecies. In the study area, only 2 adults were found together in a day roost, partly with one young, thus probably forming monogamous pairs [Heller et al., 1993] . RSE presents the lowest diploid chromosome number found so far in the horseshoe bat family with a Y-autosome translocation and an autosomal type-a WART. The importance of this finding for karyotype evolution in the genus Rhinolophus will be discussed.
Materials and Methods
All 6 RSE specimens examined were caught at their day roosts in the vicinity of the Ulu Gombak Field Studies Centre of the University of Malaya (3 ° 20 ′ N, 101 ° 45 ′ E) near Kuala Lumpur in the years 1984, 1989 and 1992 . Accession numbers of the Senckenberg Museum, Frankfurt, Germany are given in table 1 .
Chromosome preparations and FISH were carried out as described in Volleth et al. [2013] . For FISH, whole chromosome [Ao et al., 2006] , T. belangeri [Müller et al., 1999] and Eulemur macaco [Müller et al., 1997] were used. Some Myotis probes painted 2 chromosome segments in RSE. In these cases, the proximal segment of the Myotis chromosome is indicated by 'i' and the distal segment by 'ii'.
Results

Conventional Cytogenetics
The karyotype of RSE shows a diploid chromosome number (2n) of 28 and a fundamental number of autosomal arms (FNa) of 52. It consists of 7 large, 1 mediumsized and 5 small meta-to submetacentric autosomal pairs. The X chromosome is a large metacentric chromosome.
Comparative analysis showed that the banding pattern of autosomal pairs 1-4 and 7-13 was identical in all specimens studied. However, differences were noticed in pairs 5 and 6 concerning the arm composition. In figures 1 and 2 , G-banded karyotypes of a RSE female (No. 325) and her fetus (No. 326) are presented. In contrast to the fetus ( fig. 1 ) , where the homologs of pairs 5 and 6 showed an identical banding pattern, in female No. 325, 4 chromosomes displayed only monobrachial homology ( fig. 2 ) . Two of these 4 chromosomes showed the same banding pattern as in the fetus. The remaining 2 chromosomes are the result of a WART between these pairs. In the following, the arm combination found in the chromosomal pairs of the RSE fetus will be indicated as RSE5a and RSE6a, respectively. A chromosome composed of the short arm of RSE5a and the long arm of RSE6a will be in- 244 dicated as RSE5b. Consequently, a chromosome consisting of the short arm of RSE6a and the long arm of RSE5a will be called RSE6b. Of the additional 4 specimens of RSE studied, only one showed the heterozygous condition as found in female No. 325 ( table 1 ) . The other 3 specimens were homozygous for RSE5b and RSE6b. A G-band comparison of the chromosomes involved in the WART is depicted in figure 3 . To confirm the assignment of chromosomal arms and the assumption of a WART, FISH experiments were conducted (see below).
In addition to centromeric heterochromatin, CBGbanding revealed large pericentromeric blocks on 6 autosomal pairs and the X, and a terminally located heterochromatic band on the short arm of RSE8 ( fig. 4 ). Size variation of these heterochromatic segments was observed intra-and interindividually. The autosomal pericentromeric heterochromatin blocks were quinacrineand DAPI-negative but brightly stained by CMA. In contrast, the heterochromatin of the X chromosome, although also being CMA-positive, showed a moderate fluorescence with quinacrine and DAPI. Compared to other Rhinolophidae species, the karyotype of RSE thus contains quite a large amount of CBG-positive heterochromatin and represents a further example in Chiroptera where the reduction of the diploid number is accompanied by acquisition of heterochromatin [see also Volleth and Heller, 2007] .
The secondary constriction on the long arm of RSE9, situated close to the centromere, was shown to be an active NOR by Ag-staining.
Male Sex Chromosome System
Of the 2 males captured, fibroblast culture yielded poor harvest in one and failed completely in the second specimen. Nevertheless, it became clear that despite a conserved chromosome number, a Y-autosomal translocation must have occurred in this species. In addition to the chromosomes involved in the WART, the karyotype of the male displayed 4 unpaired chromosomes ( fig. 5 ). Besides the X chromosome (X 1 ), there was only one homolog of RSE7 (X 2 ). Further, a single medium-sized metacentric chromosome (Y 1 ) with a heterochromatic arm (probably representing the true Y chromosome) and one small subtelocentric chromosome (Y 2 ) with a heterochromatic short arm were found. According to the Gbanding pattern, the long arm of Y 2 could be homologous to the short arm of RSE7. The banding pattern of the euchromatic part of the medium-sized element, Y 1 , however, seems to be different from that of the long arm of RSE7. Therefore, in addition to the suggested translocation between RSE7 and the ancestral Y, further chromosomal rearrangements have presumably occurred in the sex chromosome system of RSE. Unfortunately, FISH experiments elucidating the proposed X 1 X 2 Y 1 Y 2 sex chromosome system could not be performed due to lack of material.
FISH
The complete set of whole chromosome painting probes from the vespertilionid bat M. myotis [Ao et al., 2006] was used in FISH experiments. The assignment of these probes to chromosomal arms of RSE is shown in figure 1 . In summary, 22 MMY probes resulted in 31 painted segments. Painting probes from some acrocentric MMY chromosomes detected 2 homologous segments each in RSE (i.e. MMY7, 10, 12, 20, and 22) , and a single probe, MMY8, painted 3 segments. Only 2 chromosomal arms of RSE were shown to be homologous to more than one MMY chromosomal arm, i.e. the long arm of RSE1 and the short arm of RSE3 ( fig. 1 ) . In addition to the proposed tandem fusion (see discussion), a paracentric inversion, comprising the segments homologous to MMY3 and MMY8, has further shaped the long arm of RSE1 ( fig. 6 ).
According to the FISH results using MMY probes, the short and the long arm of RSE5a were homologous to MMY5 and MMY4, respectively. Since this arm combination was also found in the family Hipposideridae (see Discussion), we consider chromosome forms RSE5a and RSE6a as the plesiomorphic condition. Consequently, the homozygous occurrence of RSE5b and RSE6b is considered as the derived state. RSE6a showed homology to MMY14 in the short arm and to MMY9 in the long arm. According to the presumed WART, RSE5b should be composed of MMY5 and MMY9 and RSE6b of MMY14 and MMY4. This hypothesis was confirmed by 2-color fig. 7 ) . Therefore, the heterozygous state resulting from a WART between RSE5a and RSE6a was confirmed in female No. 325, the mother of the fetus displaying the ancestral homozygous condition RSE5a and RSE6a. The NOR-bearing chromosomal arm RSE9q was proven by FISH to be homologous to MMY21. This location was proposed as a synapomorphic character for the families Rhinolophidae and Hipposideridae, as the MMY21 homologous chromosomal arm displayed a secondary constriction in all species investigated so far [Volleth et al., 2002; Volleth and Eick, 2012] .
To supplement the results obtained with MMY probes, a selected panel of probes from the tree shrew ( T. belangeri , TBE) [Müller et al., 1999] and a lemur ( E. macaco , EMA) [Müller et al., 1997] was used for FISH. These experiments enabled (a) differentiation between the short and long arms of the MMY bi-armed pairs and (b) discrimination in cases where 2 segments in RSE showed homology to the same MMY chromosome. Table 2 gives an overview of the probes used, the results obtained and the interpretation concerning the homology to Myotis and human.
Discussion
Chromosomal Evolution in Rhinolophidae
The diploid number of 2n = 28 found in RSE is the lowest reported for any taxon of the horseshoe bat family. The highest chromosome number reported for Rhinolophidae, 2n = 62, is found in the majority of Asian species. This 2n = 62 karyotype is composed of acrocentric autosomal elements only in all 13 species studied up to now. G-band comparison and painting with bat-specific probes confirmed the presumed karyotype conservation in these cases . The FNa in the 2n = 62 all-acrocentric karyotype as well as in most of the remaining Rhinolophus species is 60 (or, if a tiny element is considered as bi-armed, FNa = 62, e.g. in R. ferrumequinum nippon [Ando and Uchida, 1974 ; see also Volleth et al., 2013] ). Conservation of entire chromosomal arms during rhinolophid karyotype evolution was confirmed in all species studied by banding and FISH techniques Volleth et al., 2013] . Consequently, Robertsonian translocations have been proposed as the predominant mode of chromosomal evolution in Rhinolophidae .
A karyotype consisting of only bi-armed elements with 60 autosomal arms would show a diploid number of 32 (30 autosomes plus 2 gonosomes). For acquisition of a lower 2n, other modes of rearrangements in addition to Robertsonian translocations are necessary. In RSE, the reduction of the diploid number to 2n = 28 and FNa = 52 was very likely obtained by tandem fusions. Accordingly, chromosomal arms RSE1q and RSE3p each were painted by 3 different Myotis chromosomes which have previously been shown to be homologous to entire chromosomal arms in rhinolophid karyotypes Volleth et al., 2013] .
Concerning the diploid chromosome number, the family Rhinolophidae can roughly be divided into 3 groups, 2 of which are characterized by karyotype conservatism [reviewed in Zima et al., 1992] . The first group comprises the so-called 'African clade' with a 2n = 58 Dual-color hybridization with MMY chromosome-specific painting probes showing the heterozygous state (5a, 5b, 6a, 6b) for the chromosomes involved in the WART. In each of the 3 experiments shown, one chromosome is highlighted by both probes, 2 were stained by only one probe and one chromosome remained without any hybridization signal. The MMY probes used are indicated at the left side. Volleth et al., 2013] . The second group consists of 13 Asian species with 2n = 62. The third, diverse group with chromosome numbers ranging from 28 to 60 contains 14 Asian species belonging to different phylogenetic lineages. However, only 6 species of the third group have been studied by G-banding and FISH [Zima et al., 1992; Mao et al., 2007; this study; own unpubl. results] . Karyotype comparisons revealed that only few chromosomal arm combinations are shared among these species. This fact points to extensive chromosomal arm exchange during chromosomal evolution in this group.
WART in Rhinolophus sedulus
With exception of 2 ancestral, small metacentric elements present in the first group (i.e. the African clade and R. hipposideros ), the only metacentric autosome observed in more than 2 Rhinolophus species is composed of chromosomal arms homologous to M. myotis MMY4 and MMY5 (i.e. human homology HSA3-21 and HSA13-8-4). This MMY4/5 combination occurs in RSE, R. pearsoni pearsoni and R. hipposideros [Volleth et al., 2013] . Although convergent evolution can never be excluded in such cases, the presence of this arm combination in the closely related family Hipposideridae (Hipposideros armiger , H. larvatus , H. pomona , H. pratti) [Volleth et al., 2002; Mao et al., 2007 Mao et al., , 2010 points to a possible common origin. We, therefore, consider this arm combination, MMY4/5, to be an ancestral element in the rhinolophid karyotype. Consequently, RSE chromosomes composed of elements homologous to MMY4/5 and Painting probes from EMA and TBE were used to differentiate between segments showing homology to the same MMY probe except for segments homologous to MMY12 and MMY20, which are represented as one entity also in EMA and TBE. Homology of MMY chromosomal segments to EMA and TBE probes was described in Volleth et al. [2011] . For the cases where a sorting peak contained 2 chromosomes, the chromosome homologous to the respective MMY chromosome is indicated in bold type.
a-f = Segments within a chromosomal arm from centromere to telomere. Indicated are only those segments painted by a respective EMA or TBE probe which are related to the MMY probe in question. dist = Distal; prox = proximal. 
Y-Autosome Translocation
Gonosome-autosome translocations have been found in several mammalian orders, but they are, nevertheless, rare exceptions from the normal XY condition [Ashley, 2002] . Cases where an autosome is translocated either to the X or to the Y chromosome are easily detected by the resulting odd diploid chromosome number. In RSE, however, both sexes show the same diploid chromosome number. After application of different banding techniques, it became obvious that the second homolog of RSE7 was missing in the male. We, therefore, propose a X 1 X 2 Y 1 Y 2 sex chromosome system based on a translocation between an autosome, RSE7, and the former Y chromosome. Surprisingly, in another species of the R. trifoliatus group, living in the same habitat as RSE, a different autosome is involved in a Y-autosomal translocation [Volleth et al., in preparation] . Detailed description of such rearrangements can only be achieved by application of partial paints or other FISH probes which differentiate the chromosomal segments involved in the Y-autosome rearrangement. In the case of Alouatta species (Platyrrhini, Primates), such experiments showed that the underlying chromosomal rearrangement leading to the X 1 X 2 Y 1 Y 2 system is not a simple WART, but that Y 1 harbors segments homologous to both arms of the former autosome, X 2 [de Oliveira et al., 2002] . Although FISH experiments could not be done in RSE, G-band analysis points to the fact that a complex rearrangement is likely to have shaped the Y-autosomal elements in this species.
WART
The whole-arm translocation between 2 nonhomologous bi-armed chromosomes (type-a WART) [Hauffe and Pialek, 1997; White et al., 2010] observed in the horseshoe bat species RSE represents one of the rare documented cases of WARTs in mammals so far. In the last years, WARTs have been proposed as a mechanism for chromosome evolution in different mammalian taxa [Hauffe and Pialek, 1997; Britton-Davidian et al., 2005; Veyrunes et al., 2007; White et al., 2010] . However, nearly all specimens displaying monobrachial homology in bi-armed chromosomes were found to be hybrids between 2 chromosomal races. The formation of a new chromosomal arm combination by a WART, however, was detected very rarely and only in single specimens, e.g. Mus [Capanna and Redi, 1995; Castiglia and Capanna, 1999; Catalan et al., 2000; Veyrunes et al., 2007] , Sorex [Pavlova et al., 2008; Fedyk and Chetnicki, 2009] and Tupaia [Hirai et al., 2002] . Our observation in RSE is the second case where a WART is found as polymorphism in several individuals, which cannot be assigned to an obvious hybrid zone between different chromosomal races. Hence, it can be speculated that this WART may be involved in the chromosomal evolution of this species. The other example concerns the agile gibbons from Sumatra and Thailand [Van Tuinen et al., 1999; Hirai et al., 2003 Hirai et al., , 2005 Tanomtong et al., 2010] . In H. agilis , the majority of specimens examined showed the homozygous derived constellation of the WART, and only few specimens from Sumatra were proven to be heterozygous. The homozygous ancestral state, however, has not been found so far [Hirai et al., 2005] . In contrast, all 3 constellations connected with the WART were found among the 6 analyzed specimens of the horseshoe bat RSE presented in our study ( table 1 ). The 4 chromosomal arms involved in the WART in RSE were shown to be homologous to MMY chromosomes 4, 5, 9, and 14. The arm combination MMY4/5 is considered as an ancestral element of Rhinolophidae (see above). Therefore, the presence of the biarmed chromosomes MMY4/5 and MMY9/14 is thought to be the ancestral condition. The arm combination MMY4/14 and MMY5/9, resulting from the WART, would then represent a derived state.
Phenetic analysis of morphological characters resulted in the placement of RSE together with R. luctus in the trifoliatus group, which is characterized by its unique noseleaf morphology [Bogdanowicz, 1992; Csorba et al., 2003 ]. Molecular studies of cytochrome b sequences confirmed the close relationships of these 3 species [Guillén-Servent et al., 2003; Sazali et al., 2011] . Other members of this group show diploid chromosome numbers ranging from 2n = 52 (R . formosae) [Ando et al., 1983 ] to 2n = 32 (R. luctus , R. beddomei) [Naidu and Gururaj, 1984; Harada et al., 1985; Hood et al., 1988; Koubínová et al., 2010] . However, no arm combination was found to be shared between RSE and the closely related members of the trifoliatus group living in the same habitat, i.e. R. luctus and R. trifoliatus , both with a diploid number of 2n = 32 [Volleth et al., in preparation] . This fact mirrors the rapid rate of chromosomal evolution in this group. If we assume an all-metacentric karyotype with 32 chromosomes also for the ancestor of the trifoliatus group, the only mode of rearrangement which could change arm combinations in a single step is WART. It is a remarkable parallelism that in the Hylobatidae, one of the mammalian taxa with the highest rate of chromosomal rearrangements [Capozzi et al., 2012] , the karyotypes of 2 sibling species, i.e. H. agilis from Sumatra and H. albibarbis from Borneo (a former subspecies of H. agilis ), also differ by a WART [Hirai et al., 2005] . The presence of WART heterozygotes in H. agilis was interpreted as an intermediate stage in the differentiation of the karyotype [Van Tuinen et al., 1999] .
In contrast to mice and shrews, chromosomal races seem to be extremely rare in bats. The only known example is Uroderma bilobatum , a phyllostomid bat species (or species complex) presenting with different diploid numbers (2n = 38, 42, 44) . Secondary contact of the 2n = 38 and 2n = 44 races resulted in a narrow hybrid zone with intermediate diploid numbers (39) (40) (41) [Owen and Baker, 2001 , and citations therein; Hoffmann et al., 2003] .
Our study is the first dealing with karyology in RSE, a species without described subspecies and only distributed in western Malaysia and Borneo. The existence of a hybrid zone seems to be rather improbable. In our opinion, it is much more likely that the WART observed in RSE mirrors ongoing chromosomal evolution within this species. However, whether this WART is a simple polymorphism, representing the last step prior to fixation of the RSE karyotype, or whether it is a step towards the derived karyotype of a new (sub)species will probably never be resolved. Sadly, it is much more likely that this species, adapted to a life in the interior of tropical rainforests [Kingston, 2013] , will lastly disappear from our planet due to man-made destruction of its habitat.
